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Uncertainty relation is not only of fundamental importance to quantum mechanics, but also crucial to the
quantum information technology. Recently, majorization formulation of uncertainty relations (MURs) have
been widely studied, ranging from two measurements to multiple measurements. Here, for the first time, we
experimentally investigate MURs for two measurements and multiple measurements in the high-dimensional
systems, and study the intrinsic distinction between direct-product MURs and direct-sum MURs. The experi-
mental results reveal that by taking different nonnegative Schur-concave functions as uncertainty measure, the
two types of MURs have their own particular advantages, and also verify that there exists certain case where
three-measurement majorization uncertainty relation is much stronger than the one obtained by summing pair-
wise two-measurement uncertainty relations. Our work not only fills the gap of experimental studies of ma-
jorization uncertainty relations, but also represents an advance in quantitatively understanding and experimental
verification of majorization uncertainty relations which are universal and capture the essence of uncertainty in
quantum theory.
Introduction.–Critical to almost all respects of quantum
theory, including quantum information theory, is the ability
to specify simultaneously the precise outcomes from incom-
patible measurements. This fundamental mechanism was first
introduced by Heisenberg in 1927 with the name “Uncertainty
Principle” [1], which acts as one of the most striking features
of quantum theory that introduces intrinsic limitations on the
measurement precision of incompatible observables. At the
same year, Kennard [2] and Weyl [3] derived the first math-
ematical formulation for position and momentum based on
standard deviation respectively. To understand the incompat-
ibility between bounded observables, Robertson uncertainty
relation was given in [4].
From the information theoretic viewpoint, entropies are
suitable tools in measuring the uncertainties of physical sys-
tem, giving rise to entropic uncertainty relations. The first
Shannon entropic uncertainty relation was given in 1983 by
Deutsch [5]. Later, it has been improved by Maassen and
Uffink [6]. Besides the fundamental role of entropic uncer-
tainty relation, it also leads to a wide range of applications
in certifying quantum randomness [7, 8], security proofs for
quantum cryptography [9–11], detecting entanglement [12–
15], Einstein-Podolsky-Rosen (EPR) steering [16–18], study-
ing the wave-particle duality [19, 20], and even the curved
spacetime [21]. Due to their importance, the uncertainty rela-
tions based on variances and entropies were tested experimen-
tally with neutronic system [22–24], photonic system [25–31],
nitrogen-vacancy (NV) center [32], and nuclear magnetic res-
onance (NMR) [33].
Only recently, physicists realize that the uncertainty of a
quantum system should be nondecreasing under randomly
chosen symmetry transformation and classical processing via
channels [34]. As such, nonnegative Schur-concave func-
tions, including entropies, become qualified candidates for
uncertainty measures and joint uncertainty relations should
be characterized by majorization [35–38]. Based on their
formalization, majorization uncertainty relations can be di-
vided into two categories; “direct-product majorization uncer-
tainty relations” (direct-product MURs) [38, 39] (also known
as “universal uncertainty relations” (UUR)) and “direct-sum
majorization uncertainty relations” (direct-sum MURs) [40].
The present theoretical treatment of majorization uncertainty
relations (MURs) has been widely studied [41–45], and much
of the interest in majorization uncertainty relations comes
from the possibility of detecting entanglement and Einstein-
Podolsky-Rosen steering [46–49].
Motivated by the significant value of majorization un-
certainty relations in quantum theory, we study the intrin-
sic distinction between direct-product MURs and direct-sum
MURs, and experimentally test the two-measurement and
multi-measurement MURs in the high-dimensional systems
for the first time. In our experiment, we obtain a series of
probability distributions induced by measuring a qudit state
encoded with path and polarization degree of freedom of the
photon in the eigenbasis of the observable. Furthermore, com-
parisons between direct-product MURs and direct-sum MURs
based on different nonnegative Schur-concave functions are
also demonstrated. Our work not only fills the gap of exper-
imental studies of majorization uncertainty relations, but also
enriches the experimental investigations of high-dimensional
uncertainty relations and could stimulate the usages of ma-
jorization uncertainty relations in experimentally detecting
entanglement and EPR steering.
Theoretical framework.–We begin with a quantum state ρ
in a d-dimensional Hilbert space H with observables A =
ar
X
iv
:1
90
1.
00
85
3v
1 
 [q
ua
nt-
ph
]  
3 J
an
 20
19
2{|a j〉}dj=1 and B = {|bk〉}dk=1. Denote p j(ρ) = 〈a j|ρ|a j〉 as
the probability of receiving outcome j ∈ {1,2, . . . ,d} when
performing measurement A, and define p := (p j) j as the prob-
ability distribution vector corresponds to observable A. Anal-
ogously, we can construct the probability distribution vector
q := (qk)k for observable B. We write the direct-product be-
tween them as p⊗q and use p⊕q to present their direct-sum.
Consider now the majorization relation between vectors: a
vector x ∈ Rd is majorized by another vector y ∈ Rd when-
ever ∑kj=1 x
↓
j 6 ∑kj=1 y
↓
j for all 1 6 k 6 d−1 while ∑dj=1 x↓j =
∑dj=1 y
↓
j , and we write x ≺ y. Here the down-arrow notation
denotes that the components of the corresponding vector are
ordered in decreasing order, i.e. x↓1 > x
↓
2 > · · ·> x↓d [35].
With the majorization relation for vectors, we now present
direct-product MURs and direct-sum MURs as
p⊗q≺ ωDP, (1)
p⊕q≺ ωDS, (2)
where ρ runs over all quantum states in H with ωDP, ωDS
standing for the state-independent bound of direct-product
MURs and direct-sum MURs respectively. Let us take any
nonnegative Schur-concave functionU to quantify the uncer-
tainties and apply it to direct-product MURs and direct-sum
MURs, which leads to
U (p⊗q)>U (ωDP), (3)
U (p⊕q)>U (ωDS). (4)
The universality of MURs comes from the diversity of un-
certainty measures U and direct-product MURs, direct-sum
MURs stand for different kind of uncertainties. To construct
the boundωDP andωDS, we can follow the method introduced
in [38–40].
We next move to describe the additivity of uncertainty
measures, and call a measure U direct-product additive if
U (p⊗ q) = U (p) +U (q). Instead of direct-product be-
tween probability distribution vectors, one can also consider
direct-sum and define direct-sum additive for U whenever
it satisfies U (p⊕ q) = U (p) +U (q). Note that the joint
uncertainty p⊕q considered here is unnormalized and com-
parison between direct-product MURs and normalized direct-
sum MURs is detailed in the Appendix [50]. Once an uncer-
tainty measure U is evolved to both direct-product additive
and direct-sum additive, then we call it super additive for un-
certainties. It is worth to mention that U (p⊗q) =U (p⊕q)
whenever the uncertainty measure is super additive. Conse-
quently, the bound ωDS for direct-sum MURs performs better
than ωDP in the case of super additive,
U (p⊗q) =U (p⊕q)>U (ωDS)>U (ωDP), (5)
since ωDS ≺ ωDP [40]. We remark that the well known Shan-
non entropy is super additive and only by applying super
additive functions [50], like Shannon entropy, direct-product
MURs and direct-sum MURs are comparable. It should also
be clear that direct-product MURs and direct-sum MURs have
been employed to describe different type of uncertainties. For
an uncertainty measure U , in general, it can be checked that
U (p⊗q) 6=U (p⊕q) and hence it is meaningless to state that
direct-sum MURs performs better than direct-product MURs
and vice versa.
One of the main goals in the study of uncertainty relations is
the quantification of the joint uncertainty of incompatible ob-
servables. Direct-product MURs and direct-sum MURs pro-
vide us two different methods to quantify joint uncertainty
between incompatible observables. Relations between direct-
product MURs and direct-sum MURs are of fundamental im-
portance both for the theoretical characterization of joint un-
certainties, as well as the experimental implementation. Quite
uncannily, we find that for some eligible uncertainty measure
U , direct-product MURs and direct-sum MURs are given by
U (p⊕q)>U (ωDS)>U (p⊗q)>U (ωDP), (6)
for some quantum state ρ .
Let us now construct such uncertainty measureU . First de-
fine the summation functionS asS (u) :=∑l ul = ‖u‖1 with
u= (u1,u2, . . . ,ud). Another important functionM is defined
asM (u) := maxl ul = 2−Hmin(u). And hence it is easy to check
thatU :=S −M is a nonnegative Schur-concave functions;
take two vectors satisfying x ≺ y, and based on the definition
of U we have U (x) = ∑dj=2 x
↓
j > ∑dj=2 y
↓
j = U (y). Specifi-
cally this function, which combines S and M together, is a
qualified uncertainty measure and satisfies Eq. (6) for some
quantum states and measurements. Moreover, specific exam-
ples are given in the following experimental demonstration.
In principle, direct-product MURs and direct-sum MURs
do not have to be comparable and their joint uncertainty
can be quantified by their bound. However, we can com-
pare their differences by checking which bound approximates
their joint uncertainty better since joint uncertainties are of-
ten classified by their bounds. Take any nonnegative Schur-
concave function U , which leads to two nonnegative quan-
tities ξDS := U (p⊕ q)−U (ωDS) and ξDP := U (p⊗ q)−
U (ωDP). To determine whether the bound ωDP approximates
direct-product MURs better than ωDS approximates direct-
sum MURs, we simply compare the numerical value of ξDS
and ξDP. And how such bounds contribute to the joint uncer-
tainties are depicted in our experiment.
The question arises whether the majorization uncertainty
relations, including direct-product MURs and direct-sum
MURs, can be extended to multi-measurement cases and
the answer is clear. We assume that the experimenter per-
forms measurements Cl (l > 2) to the quantum state ρ and
denote their probability distributions as pl , then the multi-
measurement joint uncertainties can be quantified by⊗
l
pl ≺ ωMDP,⊕
l
pl ≺ ωMDS, (7)
3FIG. 1: Experimental setup. In the single-photon source module, the photon pairs generated in spontaneous parametric down-conversion
are coupled into single-mode fibers separately. One photon is detected by a single-photon detector (SPD) acting as a trigger. In the state
preparation module, a qudit state is encoded by four modes of the single photons. H and V denote the horizontal polarization and vertical
polarization of the photon, respectively. The subscripts u and d represent the upper and lower spatial modes of the photon, respectively. The
half-wave plates (H1, H2) and beam displacer (BD1) are used to generate desired qudit state. In the measurement module, the red HWPs with
an angle of 45◦ and beam displacers (BDs) comprise the interferometric network to perform the desired measurement; the yellow HWP with
an angle of 0◦ are inserted into the middle path to compensate the optical path difference between the upper and lower spatial modes. To realize
measurement B shown in Eq. (9), two quarter-wave plates are need to be inserted in device (b). Output photons are detected by single-photon
detectors (SPDs).
where ωMDP and ωMDS are the bounds for multi-
measurement direct-product MURs and direct-sum MURs,
constructed in [38] and [40] respectively.
To experimentally test direct-product MURs, direct-sum
MURs and their relations, we choose a family of 4-
dimensional states
|ψθ ,φ 〉= cosθ sinφ |0〉+ cosθ cosφ |1〉+ sinθ |2〉
= (cosθ sinφ ,cosθ cosφ ,sinθ ,0)>,
(8)
where |0〉, |1〉, |2〉, |3〉 are orthonormal basis states in a 4-
dimensional Hilbert space. Correspondingly, we measure the
state Eq. (8) in the following measurements, including two
measurements
A= {|0〉, |1〉, |2〉, |3〉}
B=
{ |0〉− i|1〉− i|2〉+ |3〉
2
,
|0〉− i|1〉+ i|2〉− |3〉
2
,
|0〉+ i|1〉− i|2〉− |3〉
2
,
|0〉+ i|1〉+ i|2〉+ |3〉
2
}
(9)
and three measurements
C1 = {|0〉, |1〉, |2〉, |3〉}
C2 = {|0〉, |2〉+ |3〉√
2
,
|1〉+ |2〉− |3〉√
3
,
2|1〉− |2〉+ |3〉√
6
}
C3 = { |2〉+ |3〉√
2
, |1〉, |0〉+ |2〉− |3〉√
3
,
2|0〉− |2〉+ |3〉√
6
}.
(10)
Experimental demonstration.–We experimentally test
direct-product MURs, direct-sum MURs and their relations
with a linear optical system. The experimental setup, illus-
trated in Fig. 1, consists of three modules, including the
single-photon source module (see Appendix C for details), the
state preparation module, and the measurement module. In
the state preparation module, a qudit state is encoded by four
modes of the heralded single photon, and the basis states |0〉,
|1〉, |2〉, and |3〉 are encoded by the horizontal polarization of
the photon in the lower mode, the vertical polarization of the
photon in the lower mode, the horizontal polarization of the
photon in the upper mode, and the vertical polarization of the
photon in the upper mode, respectively. The beam displacer
(BD) causes the vertical polarized photons to be transmitted
directly and the horizontal polarized photons to undergo a 4-
mm lateral displacement, so the photon passes through a half-
wave plate (H1) with a certain setting angle and then is split by
BD1 into two parallel spatial modes–upper and lower modes.
H1 and H2 control the parameters θ and φ , respectively, thus
the photon is prepared in the desired state |ψθ ,φ 〉. In the mea-
surement module, measuring device (a) is used to realize mea-
surement A and measurementC1. When the measuring device
(b) has quarter-wave plates with an angle of 45◦, it is used to
realize measurement B, and the setting angles of H3–H6 are
45◦, 0◦, 22.5◦, and 22.5◦, respectively. The measuring device
(b) without quarter-wave plates is used to realize measurement
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FIG. 2: Experimental results for comparing the differences of direct-
product MURs and direct-sum MURs by checking which bound
approximates their joint uncertainty better. The curve is theoret-
ical value, and the dot is experimental value. The three quanti-
ties are expressed as ξDS := U (p⊕q)−U (ωDS), ξDP := U (p⊗
q)−U (ωDP) and ξ = U (ωDS)−U (p⊗q) with U := S −M .
Fig. 2(a) and (b) show the experimental results by measuring states
|ψpi/4,φ 〉 and |ψθ ,pi/4〉 in the two measurements Eq. (9), respectively.
Fig. 2(c) and (d) show the experimental results by measuring states
|ψpi,φ 〉 and |ψθ ,pi/2〉 in the three measurements Eq. (10), respectively.
The error bar denotes the standard deviation.
C2(C3) when the setting angles of H3–H6 are 22.5◦, 0◦(45◦),
27.4◦, and 0◦, respectively.
Experimental results.–To test the relation Eq. (6) and com-
pare the differences of direct-product MURs and direct-sum
MURs by checking which bound approximates their joint un-
certainty better, we experimentally obtain a series of proba-
bility distributions induced by measuring state |ψθ ,φ 〉 in the
measurements Eq. (9) and Eq. (10). Under Schur-concave
function U :=S −M , Fig. 2 depicts the experimental val-
ues of ξDP, ξDS and ξ with ξ = U (ωDS)−U (p⊗ q). We
remark that ξ stands for the difference between the bounds
of direct-sum MURs U (ωDS) and the joint uncertainty of
direct-product MURs U (p⊗ q). Whenever the quantity ξ
is positive, we cannot use U (ωDS) to bound U (p⊗q), and
thus cannot state that the bound of direct-sum MURs outper-
forms the bound of direct-product MURs. Fig. 2(a) and (b)
show the experimental results by measuring states |ψpi/4,φ 〉
and |ψθ ,pi/4〉 in the two measurements Eq. (9), respectively. In
Fig. 2(a), ξDP is less than ξDS, which implies that the bound
of direct-product MURs approximates their joint uncertainty
better, but in Fig. 2(b) which bound is better depends on the
state. Fig. 2(c) and Fig. 2(d) demonstrate the experimental
results by measuring states |ψpi,φ 〉 and |ψθ ,pi/2〉 in the three
measurements Eq. (10), respectively. We can see that ξDP
is always less than ξDS with the variation of the state |ψθ ,φ 〉,
which means that the bound of direct-product MURs approx-
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FIG. 3: Experimental results for majorization uncertainty relations
based on Shannon entropy measure. Fig. 3(a) and (b) show the re-
sults for measuring states |ψpi/4,φ 〉 and |ψθ ,pi/4〉 in the measurements
A and B, respectively. The green dots and curve represent Shannon
entropy of the probability distributions induced by measurement A.
The blue dots and curve represent Shannon entropy of the probabil-
ity distributions induced by measurement B. The red dots and curve
represent the sum of H(A) and H(B). The dashed line and dash-
dotted line are the bounds of the two-measurement direct-product
MURs and direct-sum MURs, respectively. Fig. 3(c) and (d) show
the results for measuring states |ψpi,φ 〉 and |ψθ ,pi/2〉 in the measure-
ments C1, C2 and C3, respectively. The magenta, green, blue trian-
gles and curve represent Shannon entropy of the probability distri-
butions obtained by measuring the C1, C2 and C3, respectively. The
red triangles and curve represent the sum of the H(C1), H(C2) and
H(C3). The dotted line and solid line are the bounds of the three-
measurement direct-product MURs and direct-sum MURs, respec-
tively. The error bar denotes the standard deviation.
imates their joint uncertainty better in the case of these mea-
surements and states than that of direct-sum MURs. From Fig.
2, it is clear that ξ is always greater than zero, and hence both
the mathematical inequality Eq. (6) and its physical signifi-
cance have been verified.
From the information theoretic viewpoint, entropic func-
tions are important nonnegative Schur-concave functions. We
are interested in entropic uncertainty relations, which can
be derived by setting U as the Shannon entropy H, and
can be expressed as H(
⊗
l pl) > H(ωMDP) and H(
⊕
l pl) >
H(ωMDS). Here we also compare direct-product MURs and
direct-sum MURs with Shannon entropy and the experimental
results are portrayed in Fig. 3. Fig. 3(a) and Fig. 3(b) exhibit
the experimental results for two-measurement majorization
uncertainty relation based on Shannon entropy measure; by
choosing measurements A and B, the bound of direct-product
MURs ωDP is given by ωDP = (0.5625,0.1661,0.2714)
5which implies H(ωDP) = 1.4077 shown by the dashed
line in Fig. 3(a) and Fig. 3(b). On the other hand,
ωDS = (0.5,0.2071,0.2929), and as a consequence we have
H(ωDS) = 1.4893 shown by the dash-dotted line in Fig. 3(a)
and Fig. 3(b). Now we are in the position in describing the ex-
perimental results for three-measurement majorization uncer-
tainty relation based on Shannon entropy measure. The bound
of direct-product MURs, ωMDP, is given by (0.7773,0.2227),
which leads to H(ωMDP) = 0.7651, as shown by the dotted
line in the Fig. 3(c) and Fig. 3(d). Meanwhile ωMDS is given
by (1,1,0.7583,0.2417), with H(ωMDS) = 0.7979, as shown
by the line in the Fig. 3(c) and Fig. 3(d). For all these cases
with two measurements or three measurements, the bound of
direct-sum MURs is always tighter than the bound of direct-
product MURs, which verified the relation Eq. (5). Finally,
we remark that general multi-measurement uncertainty rela-
tion can be generated by summing pairwise two-measurement
uncertainty relations trivially, while in our three-measurement
case, pairwise two-measurement uncertainty relations lead to
a trivial bound of zero, but the majorization uncertainty rela-
tion for the three measurements remains nontrivial.
Conclusions.–To summarize, we have experimentally stud-
ied the high-dimensional majorization uncertainty relations,
namely direct-product MURs and direct-sum MURs, with
a linear optical system and analyzed the essential differ-
ence between them for the first time. Direct-product MURs
and directsum MURs are different types of joint uncertainty,
taking different nonnegative Schur-concave functions as un-
certainty measure, these two majorization uncertainty rela-
tions have their own particular advantages. From exper-
imental data, direct-sum MURs are stronger than direct-
product MURs under Shannon entropy. Moreover, we have
also experimentally verified that there exists certain case
where three-measurement majorization uncertainty relation is
much stronger (with nontrivial bound) than the one obtained
by summing pairwise two-measurement uncertainty relations
(with trivial bound). We expect that our theoretical anal-
ysis and experimental tests will lead to further results that
enrich the studies of high-dimensional uncertainty relations.
Specifically, our work could provide potential applications in
the field of quantum information technology, such as quan-
tum precision measurement, detecting entanglement and EPR
steering.
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Appendix A: Normalized direct-sum MURs
The direct-sum MURs were first given in [40] with the form
p⊕q≺ ωDS, (A.1)
for probability distributions p and q. However, unlike p⊗q
constructed in direct-product MURs [38], p⊕q is not a prob-
ability distribution. In order to derive a normalized direct-sum
MURs, we simply take the weight 1/2
1
2
p⊕ 1
2
q≺ 1
2
ωDS. (A.2)
And now we compare the normalized direct-sum MURs 12p⊕
1
2q≺ 12ωDS with direct-product MURs p⊗q≺ ωDP; by tak-
ing the states shown in the main text
|ψθ ,φ 〉= cosθ sinφ |0〉+ cosθ cosφ |1〉+ sinθ |2〉
= (cosθ sinφ ,cosθ cosφ ,sinθ ,0)>,
(A.3)
and measurements A, B with the following eigenvectors
A= {|0〉, |1〉, |2〉, |3〉}
B=
{ |0〉− i|1〉− i|2〉+ |3〉
2
,
|0〉− i|1〉+ i|2〉− |3〉
2
,
|0〉+ i|1〉− i|2〉− |3〉
2
,
|0〉+ i|1〉+ i|2〉+ |3〉
2
}.
(A.4)
We depicted the pictures of H (p⊗q), H ( 12p⊕ 12q), H (ωDP),
and H
( 1
2ωDS
)
in Fig. 4.
Appendix B: Super Additivity
To be comparable for direct-product MURs and direct-sum
MURs, we should choose a uncertainty measure U that are
both Schur-concave and super additive. Clearly Shannon en-
tropy is a qualified candidate. The question, thus, naturally
arises: is there another function satisfies the following proper-
ties:
Property 1. U should be continuous in p and q.
Property 2. U should be a Schur-concave function.
Property 3. U should be super additive, i.e.
U (p⊗q) =U (p)+U (q), (A.5)
U (p⊕q) =U (p)+U (q). (A.6)
Or will these properties lead to a unique function (up to
a scalar)? Since we can take q as (1,0, . . . ,0), and then
U (p⊗ q) = U (p) which is continuous in the pi while p =
(pi)i. Moreover, due to the Schur-concavity, U is a mono-
tonic increasing function of d when taking pi = 1d . In addi-
tion, if U complies with the composition law for compound
experiments, then there is only one possible expression for
U , i.e. Shannon entropy (up to a scalar). Namely, if there is a
measure, say U (p) =U (p1, p2, . . . , pd) which is required to
meet the following three properties:
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FIG. 4: Experimental results for comparison between normalized
direct-sum MURs and direct-product MURs based on Shannon en-
tropy measure. The two pictures show the results for measuring
states |ψpi/4,φ 〉 and |ψθ ,pi/4〉 in the observables A and B, respectively.
Property 4. U should be continuous in p.
Property 5. If all the pi are equal, pi = 1d , then U should be
a monotonic increasing function of d. With equally d
likely events there is more choice, or uncertainty, when
there are more possible events.
Property 6. (Composition Law) If a choice be broken down
into two successive choices, the original U should be
the weighted sum of the individual values of U .
Then the only U satisfying the three above assumptions is of
the form [51]:
U (p) = k ·
(
−
d
∑
i=1
pi log pi
)
, (A.7)
where k is a positive constant. Whenever a function U sat-
isfies Property 1 and Property 2, it will meet Property 4 and
Property 5 automatically. However, super additivity differs
with the Composition Law, and this leads to function satisfied
Property 1, 2, and 3 other than Shannon entropy.
For example, consider the composition between logarith-
mic function and elementary symmetric function:
F (p) := log
(
d
∏
i=1
pi
)
. (A.8)
HereF satisfies Properties 1, 2, and the direct-product MURs
is read as
F (p⊗q) = log
(
∏
i, j
piq j
)
= log
(
∏
i
pi ·∏
j
q j
)
= log
(
∏
i
pi
)
+ log
(
∏
j
q j
)
=F (p)+F (q), (A.9)
where the probability distributions p and q are defined as (pi)i
and (q j) j. On the other hand, direct-sum MURs is written as
F (p⊕q) = log
(
∏
i, j
piq j
)
=F (p⊗q), (A.10)
hence,F meets Property 3. To summarize, we derive a func-
tion F , which is valid for Properties 1, 2, and 3. However
F is not a good uncertainty measure, since F (ωDS) and
F (ωDP) are not well defined (due to log0). Whether there
exists another function that obeys Property 1, 2, and 3 is an
open question, and one may conjecture that F , Shannon en-
tropy H and the convex combinations ofF and H are the only
suitable candidates.
Appendix C: Details for the single-photon source module of the
experimental setup
In the single-photon source module, a 80-mW cw laser
with a 404-nm wavelength (linewidth=5 MHz) pumps a
type-II beamlike phase-matching beta-barium-borate (BBO,
6.0×6.0×2.0 mm3, θ = 40.98◦) crystal to produce a pair
of photons with wavelength λ = 808 nm. After being redi-
rected by mirrors and passed through the interference filters
(IF, 4λ = 3 nm, λ = 808 nm), the photon pairs generated
in spontaneous parametric down-conversion are coupled into
single-mode fibers separately. One photon is detected by a
single-photon detector acting as a trigger. The total coinci-
dence counts are approximately 4×103 per second.
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